Detailed understanding of the mechanism of the combustion relevant multichannel reactions of O( 3 P) with unsaturated hydrocarbons (UHs) requires the identification of all primary reaction products, the determination of their branching ratios and assessment of intersystem crossing (ISC) between triplet and singlet potential energy surfaces (PESs). This can be best achieved combining crossed-molecular-beam (CMB) experiments with universal, soft ionization, mass-spectrometric detection and time-of-flight analysis to high-level ab initio electronic structure calculations of triplet/singlet PESs and RRKM/Master Equation computations of branching ratios (BRs) including ISC. This approach has been recently demonstrated to be successful for O( 3 P) reactions with the simplest UHs (alkynes, alkenes, dienes) containing two or three carbon atoms. Here, we extend the combined CMB/theoretical approach to the next member in the diene series containing four C atoms, namely 1,2-butadiene (methylallene) to explore how product distributions, branching ratios and ISC vary with increasing molecular complexity going from O( 3 P)+propadiene to O( 3 P)+1,2-butadiene. In particular, we focus on the most important, dominant molecular channels, those forming propene+CO (with branching ratio ∼0.5) and ethylidene+ketene (with branching ratio ∼0.15), that lead to chain termination, to be contrasted to radical forming channels (branching ratio ∼0.35) which lead to chain propagation in combustion systems.
I. INTRODUCTION
Understanding the kinetics and dynamics of the reactions between ground state oxygen atoms, O( 3 P), and unsaturated hydrocarbons (UHs) is fundamental in combustion processes [1−6] . In particular, a detailed comprehension of the mechanism of the combustion relevant, multichannel reactions of O( 3 P) with UHs requires the identification of all primary reaction products, the determination of their branching ratios (BRs) † Dedicated to Professor Kopin Liu on the occasion of his 70th birthday.
‡ Current address: Institute for Chemical Sciences and Engineering, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerlan * Author to whom correspondence should be addressed. E-mail: piergiorgio.casavecchia@unipg.it and an assessment of the role of intersystem crossing (ISC) between triplet and singlet potential energy surfaces (PESs). This can be best achieved by combining crossed-molecular-beam (CMB) experiments with universal, soft ionization, mass-spectrometric detection and time-of-flight analysis to high-level ab initio electronic structure calculations of the triplet/singlet PESs and RRKM/Master Equation computations of branching ratios (BRs) including ISC [7−11] . We emphasize that information on BRs as a function of temperature is crucially needed for improving current combustion models. This information can be well provided by theory once the latter has been validated by comparisons of statistically predicted BRs with experimental ones.
Over the past several years we have investigated in combined CMB/theoretical studies the dynamics of a variety of O( 3 P) reactions with UHs (alkynes, alkenes and dienes) involving two and three carbon atoms, such as acetylene [12] , ethylene [13−15] , propyne [8, 9] , propene [7, 16] , and allene (propadiene) [17] . In particular, exploiting soft electron ionization we have been able to identify, for the first time, all primary reaction products and determine their branching ratios (BRs). The experimental BRs have usually been compared with RRKM/ME (Rice-RamspergerKassel-Marcus/Master Equation) statistical predictions on state-of-the-art triplet/singlet PESs with inclusion of intersystem crossing. Once the statistical predictions were validated by experiment, theory could be used to predict BRs and extent of ISC as a function of temperature and pressure for inclusion, ultimately, in combustion models.
Very recently, we have started to extend our CMB investigations of O( 3 P)+UH reactions to also UHs containing four carbon atoms; in particular, preliminary results have been reported on O( 3 P)+1-butene [18] to explore how product distributions, BRs and extent of ISC vary with increasing molecular complexity. Here, we extend our CMB studies of the O( 3 P)+cumulene reactions from the previously investigated O( 3 P)+allene to the reaction with the next cumulene in the series, involving four carbon atoms, namely methyl-allene (1,2-butadiene). As in most of our recent studies, the CMB investigation is accompanied by synergistic theoretical calculations of the triplet/singlet PES for forthcoming statistical calculations of BRs with inclusion of ISC.
Reactions of O( 3 P) with UHs can be involved directly or indirectly in soot and PAHs formation. Among UHs indirectly implicated in the generation of PAHs, butadiene isomers are well known for their reactivity with atomic and molecular radicals participating in combustion and atmospheric chemistry. For instance, although 1,2-butadiene is not immediately an anthropogenic source of pollutants, this unsaturated hydrocarbon was found to be involved in the isomerization mechanism of 1,3-butadiene (at temperatures >1500 K) [19, 20] , which, in turn, was recognized as a hazardous and carcinogenic air pollutant [21] . For this reason, in the past decades the pyrolysis [22] and photodissociation [23, 24] of 1,2-butadiene was investigated extensively. Also the reaction dynamics of 1,2-butadiene (C 4 H 6 ) with C( 3 P) [25] and also complex radical species involved in fuel combustion, such as the phenyl radical (C 6 H 5 ) [26] , were investigated in synergistic CMB experimental/theoretical studies. The reaction with C 6 H 5 was found to lead to formation of two C 10 H 10 isomer products (1-phenyl-3-methylallene and 1-phenylbutyne-2) via H-atom loss from the initial addition intermediate. These primary products can then be also involved in subsequent reactions with other UHs for producing PAHs. Therefore, the presence of 1,2-butadiene plays a central role in both combustion and atmospheric chemistry, because it can react with other species participating in terrestrial atmosphere chemistry, such as O( 3 P).
In our previous CMB investigation of the reaction of O( 3 P) with the prototype of cumulenes, namely allene, five competing product channels were identified and characterized, and the BRs derived [17] . The results were interpreted in the light of state-of-the-art triplet and singlet PESs and related statistical predictions (however, without inclusion of ISC) of product BRs [27] . Main conclusions were as follows. At a collision energy of 9.4 kcal/mol we have characterized the following reaction channels (with BR indicated in parenthesis): C 2 H 4 +CO(81.5%), C 2 H 2 +H 2 CO(9.6%), C 2 H 3 +HCO(7.0%), CH 2 CCHO+H(1.6%), and CH 2 CO +CH 2 (0.3%) [17] . A first important conclusion was that the interaction of atomic oxygen with allene breaks apart the three-carbon atom chain, mostly (>80%) producing CO and ethylene. Because this molecular channel can only be formed on the singlet PES, another important conclusion has been that the reaction of O( 3 P) with the simplest diene proceeds dominantly via ISC. Very recently, we have shown that the extent of ISC increases strongly along the three C atom containing series of propene, propyne, and allene, because the stability of the initial triplet diradical intermediate increases strongly going from the alkene (−24 kcal/mol) to the alkyne (−50 kcal/mol) to the diene (−70 kcal/mol) (see FIG.13 in Ref. [11] ). In particular, the large relative stability of the oxyallyl intermediate following the O addition to the central carbon of allene is due to resonance stabilization. Another important observation has been that molecular products represent about 90% of the overall product yield, and this is expected to have significant effects on chain termination in real combustion systems involving allene.
In the present O( 3 P)+1,2-butadiene reaction, because of the longer hydrocarbon chain, more numerous reaction channels are expected compared to O( 3 P)+propadiene. In particular, when moving from O( 3 P)+propadiene to O( 3 P)+1,2-butadiene, important questions are: (i) Is ISC in O( 3 P)+1,2-butadiene as important as in O( 3 P)+propadiene? (ii) What are the primary products? (iii) What are the product branching ratios? We remind that formation of molecular products leads to chain termination, while formation of radical products leads to chain propagation, and this is expected to have large effects on the overall combustion mechanism and therefore on the rate of the overall combustion process.
Little information exists from previous studies on the O( 3 P)+1,2-butadiene reaction. This was investigated for the first time in the 1980s by Collin and Deslauries [28] in a kinetic flow experiment. In that work, the global rate constant at room temperature (k 293 K =5.94×10 −12 cm 3 mole −1 s −1 ) was determined, and the main reactive channel was suggested to be CO+C 3 H 6 (propene). In addition, other species were observed by final product analysis, such as crotonaldehyde, metacryl aldehyde and buten-2-one that likely are reaction intermediates stabilized under the multiple collision conditions typical of kinetic flow experiments. No further experimental and/or theoretical investiga-tions have been reported on the title reaction up to date. Therefore, for O( 3 P)+1,2-butadiene the identity and relative yields of the primary products are still unknown.
We can list the following energetically allowed reaction channels (with the reaction enthalpies derived from the standard enthalpies of formation from NIST [29] or from the present electronic structure calculations):
We have found experimentally that the title reaction is characterized by a large variety (nine) of sizeable competing reaction channels, of which some lead to radical products, while others to molecular products. However, here we focus on the two main channels, which are molecular channels involving the rupture of the carbon backbone of 1,2-butadiene, those leading to CO+propene (channel 3) and to CH 2 CO (ketene)+CH 3 CH (ethylidene) (channel 11). The branching ratio of these channels is of great interest because on one side they are expected to lead to chain termination in combustion systems, while on the other side the occurrence of the CO+propene channel is indication of ISC from the triplet to the singlet PES. Furthermore, the ketene forming channel represents another example of formation of ketene in the combustion of fossil fuels (ketene is expected to be mainly formed from the reaction of O( 3 P) with dienes).
II. EXPERIMENTS
The CMB apparatus and the improvements related to the new ion detection system, based on a Daly detector [30] , have been described elsewhere [8, 18, 31] . Here, we only report details pertaining to the present experimental study. The atomic oxygen beam was produced using a radio-frequency (RF) supersonic discharge source [32] by discharging, at 300 W RF power, 170 mbar of a O 2 (5%)/He gas mixture through a 0.24 mm water cooled quartz nozzle, followed by a 0.8 mm diameter boron nitride skimmer. Under these conditions, the atomic oxygen beam peak velocity was 2470 m/s, with a speed ratio of 4.9, as resulting from single-shot time-offlight (TOF) analysis. Pure 1,2-butadiene gas (97.9% purity) was expanded at 350 torr through a 0.1 mm diameter stainless-steel nozzle, followed by a 0.8 mm diameter skimmer; its peak velocity and speed ratio were 685 m/s and 4.4, respectively. The beams of the two reactants were each further collimated by a defining circular aperture positioned after the skimmer. In these conditions the nominal collision energy was 10.0 kcal/mol.
The hydrocarbon beam was modulated at 160 Hz during the angular distribution measurements for background subtraction. Product angular and TOF distributions were measured at various mass-to-charge (m/z) ratios. Angular distributions were obtained by averaging from 4 to 6 scans with typical counting time of 50 or 100 s, depending on signal intensity. Product TOF distributions were obtained by using the pseudo-random chopping technique employing four sequences of 127 open-closed elements with a resolution of 6 µs/channel, obtained by spinning the TOF disk at 328 Hz. Typical counting time was from one to four hours per angle depending on signal intensity. From the raw data (angular and TOF distributions at selected m/z ratios) it was possible to obtain quantitative information by moving from the laboratory (LAB) to the center-of-mass (CM) frame and by analyzing the product angular, T (θ), and translational energy, P (E ′ T ), distributions into which the CM product flux can be factorized [10, 33] . A forward convolution fit of the total LAB angular and TOF distributions allows to determine the best-fit CM T (θ) and P (E ′ T ) functions for each detected reaction channel i, using the relation
where w i is the weight of each channel at that given m/z ratio and represents a best-fit parameter [10] .
III. THEORETICAL METHOD
The C 4 H 6 O potential energy surface was investigated in a synergistic manner combining density functional theory (DFT), coupled cluster with perturbative triple excitations (CCSD(T)), and multireference CASPT2 calculations as described in our previous studies of reactions between unsaturated hydrocarbons and O( 3 P) [7] [8] [9] 16] , and in particular, 1-butene+O( 3 P) [18] . CASPT2 calculations were at present limited only to the study of the reaction of addition of O( 3 P) to 1,2-butadiene and were performed on structures optimized at the wB97XD level. A benchmark study on the reaction of addition of O( 3 P) to C 3 H 6 has in fact shown that this approach allows to obtain results comparable to those obtained when reactant and transition state geometries are also optimized at the CASPT2 level, at a fraction of the computational cost. CASPT2 energies were determined using a (8e,7o) active space containing the p electrons and orbitals of oxygen and the electrons and orbitals of the two π bonds of 1,2-butadiene, inclusive of their antibonding orbitals. All the other calculations were performed to determine structures of stationary points at the wB97XD level using the augcc-pVTZ basis set and energies at the CCSD(T) level, corrected for basis set and core correlation effects. Our previous calculations have in fact shown that CCSD(T) calculations on DFT structures and CASPT2 studies for similar systems agree in general within 1 kcal/mol, as long as the T1 diagnostic of the CCSD(T) calculations is smaller than 0.03, as it is the case for all the reactions here investigated. Two classes of reactions that are known to have significant multireference character, intersystem crossing from the triplet to the singlet PES and isomerization of the oxiranyl singlet intermediates to aldehydes, were not explicitly investigated and their study will be the subject of future work. At present, the investigation has been focused on the determination of the wells and transition states on the C 4 H 6 O PES that are relevant to interpret the reactivity of the O( 3 P)+1,2-butadiene reaction.
Energies were computed at the CCSD(T)-F12 level using the cc-pVTZ-F12 basis set, and corrected for basis set effects using MP2-F12/cc-pVQZ-F12 single point energies and for the inclusion of core electrons correlation at the CCSD(T)/cc-pCVTZ level. Rate constants for O( 3 P) addition to the terminal (C1), central (C2), and methylene (C3) carbon atom were determined using variational transition state theory in the rigid rotor harmonic oscillator approximation (RRHO) using wB97XD frequencies, treating internal torsions as 1D hindered rotors, and using CASPT2/aug-cc-pVTZ energies determined using the active space described above and a level shift of 0.2. DFT calculations were performed using the G09 computational suite [34] , all other simulations were performed using Molpro 2010 [35] . Rate constant calculations for all the investigated reaction channels were performed using the EStokTP computational suite [36] .
IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Product angular and velocity distributions in the LAB frame
In FIG. 1 the velocity vector diagram (so-called "Newton diagram") for the title reaction is depicted. Each circle, related to a primary product detected in our CMB experiments, is drawn by assuming that all the available energy is channeled into translational energy of the products. Those shown are limited to the products observed in the data presented in this preliminary report.
Reactive signal was measured at m/z=69(
,2-butadiene reaction (Ec=10.0 kcal/mol) with superimposed circles which delimit the velocity of the center-of-mass and the LAB angular range of the various indicated primary products. Of the nine different reactive channels which were identified, here only the five channels that appear in the data discussed in the present work are indicated: C4H5O+H (blue line), C4H4O+H2 (red line), CH2CHO+C2H3, CH2CO+CHCH3 (orange line), CO+C3H6 (magenta), HCO+C3H5 (cyan line). The O-containing primary products are represented by solid lines, while the dashed lines correspond to the hydrocarbon molecule/radical.
, and 15(CH 3 + ). Concerning the product angular distributions, measurements were carried out for all m/z ratios, except m/z=69, 67 and 28, where the S/N ratio was too low. The TOF spectra for all m/z have been acquired at the CM angle Θ CM =44
• and at Θ=28
• . The measurements at m/z=69, 68 and 67, corresponding to H and H 2 elimination channels (channels 1 and 2, respectively) have been performed by using 70 eV electron energy (hard ionization), while for the other m/z ratios we employed the soft ionization at 17 eV in order to suppress/mitigate the interferences related to dissociative ionization processes.
Besides the H-displacement and H 2 -elimination channels (1) and (2), respectively, from measurements at lower m/z ratios we identified seven additional reactive channels resulting from the breakage of the C−C backbone. In particular, at m/z=43, we have detected the acetyl radical (channel 9) via its parent mass (CH 3 CO + ). The occurrence of the vinoxy (CH 2 CHO) channel (10) was assessed at its dominant daughter ion at m/z=42, together with the ketene (CH 2 CO) and propene (C 3 H 6 ) products (channels 11 and 3, respectively) at the corresponding parent ion masses CH 2 CO + and C 3 H 6 + . In addition, the formation of propene was confirmed also by a strong signal at its daughter ion (C 3 H 5 + ) detected at m/z=41, while channel 7 (HCCO formation) was not observed at m/z=41 and then considered to be negligible at the collision energy of our experiment. Information on several other reactive channels came from measurements carried out at m/z=30, 29, 28 and 15, which allowed the identifica- In this section we focus on those primary products originating from the C−C bond rupture after the attack of atomic oxygen at the unsaturated bonds of the 1,2-butadiene molecule leading to dominant molecular products.
At m/z=42 and 41 both angular and TOF distributions have been acquired using 17 eV electron energy. The contribution of the various products in the angular distributions at m/z=42 and 41 are disentangled via TOF measurements at selected angles, as can be seen in the FIGs. 3 and 4. Notably, although for measurements at m/z=42 and 41 we exploited the soft ionization, the peaks related to the fragmentation of the C 4 H 5 O and C 4 H 4 O species (channels 1 and 2) are clearly discernable in the low velocity (high flight-time) side of the TOF spectra, especially at the CM angle, Θ CM , of 44
• where the intensity of the C 4 H 5 O product is maximum ( see FIG. 1 , showing the very small Newton circle within which the C 4 H 5 O product is confined on the basis of energy and momentum conservation). Also the C 4 H 4 O product coming from the strongly exothermic channel (2) is clearly discernible at m/z=42, especially at Θ=44
• , where it appears clearly faster than the peak due to C 4 H 5 O because of linear momentum conservation (an H 2 moiety leaving rather than an H atom) and also much larger exothermicity of channel (2) compared to channel (1) .
The presence of signals in the TOF spectra at shorter flight-time than the C 4 H 5 O/C 4 H 4 O products and the wider (with respect to the m/z=68) angular distributions recorded at m/z=42 and 41 suggest that there are additional product contributions for the title reac- 
FIG. 3 TOF distributions acquired at m/z=42 at two different LAB angles (Θ=28
• and 44 • ) by exploiting soft electron ionization (17 eV) for the O( 3 P)+1,2-butadiene reaction at Ec=10.0 kcal/mol. The black solid curve represents the calculated fit by using the CM functions shown in FIG. 5 for the channels (3) and (11), while for the other contributions see text. At this mass-to-charge ratio, in addition to the primary products C4H5O and C4H4O characterized at m/z=68, propene (magenta), vinoxy (purple) and ketene products were identified. (3) and (11), while for the other channels see text. At this mass-to-charge ratio, in addition to the primary products characterized at m/z=68 and 42, the heavy co-product C3H5 (cyan line) of the formyl radical was also inferred.
tion besides channel (1) and (2), expectedly related to primary products originating from C−C bond breakage processes. In fact, in the m/z=42 TOF spectra the fastest shoulder can be unambiguously attributed, on the basis of energy and linear momentum conservation, to the C 3 H 6 product from the strongly exothermic channel (3). The formation of C 3 H 6 is very clearly visible particularly in the TOF spectra at the daughter ion mass m/z=41. In fact, the internally very hot propene molecule is expected to fragment strongly upon electron ionization, despite the relatively low electron energy of 17 eV. Because of the much higher ratio of the propene intensity with respect to that of ketene at m/z=41, the very fast (fastest of all) propene peak stands out well resolved, while at m/z=42 the ketene contribution is somewhat larger than that of propene, and hence the propene peak appears as a fast shoulder on the fast side of the ketene peak. We recall that ketene formation was observed also in the oxidation of the prototype of cumulenes, namely, allene [17] , although to a minor extent.
In order to achieve the best-fit of the experimental N (θ) and TOF data at m/z=42 (see FIG. 2 and FIG. 3) the inclusion of the CH 2 CHO+C 2 H 3 channel was necessary. The TOF spectra acquired at m/z=41 (FIG. 4) suggest in fact also a small amount of the C 3 H 5 +HCO channel, through detection of the propyl radical C 3 H 5 via its parent ion. This channel is corroborated by the TOF data at m/z=29 (not shown), which probe the momentum-matched co-product HCO. 
C. Product angular and translational energy distribution in the CM frame
The best-fit CM angular distribution T (θ) (with indicated error bounds) for the propene and ketene products are depicted in the FIG. 5-left; they are found to be backward-forward symmetric with a significant degree of polarization. The symmetric intensity at 0
• and 180
• in the CM frame indicates that these reactive channels occur via a long-lived complex mechanism (i.e., the corresponding intermediate complex lifetime is longer than 5−6 rotational periods [37] ). In turn, this implies that the intermediates leading to these product channels are very stable and this is in fact corroborated by the present electronic structure calculations of the triplet and singlet PESs (see Discussion section).
The best-fit product translational energy distributions P (E ′ T ), with their error bounds, for the propene and ketene forming channels are shown in the FIG. 5-right. As can be seen, the P (E ′ T ) for the CO+C 3 H 6 products peaks very far away from zero (at about 40 kcal/mol), reflecting a large fraction of the total available energy (about 130 kcal/mol) released as product recoil energy, ⟨f T ⟩, being 0.27. We recall that the average fraction of total available energy channeled into translation, ⟨f T ⟩, is defined as
, and E TOT (E TOT =E c −∆H 0 0 ). This indicates that there exists a very large potential barrier in the exit channel of the singlet PES, accessed via ISC, leading to CO+C 3 H 6 , and this is corroborated by the ab initio calculations of the singlet PES (see Discussion section). Furthermore, it indicates that the propene and carbon monoxide prod-ucts are highly internally excited, with about 73% of the total available energy released in internal ro-vibrational degrees of freedom. The very high internal excitation of the propene molecule provides an explanation why the (m/z=42)/(m/z=41) ratio for propene is about 0.2 (to be contrasted with the ratio of 0.7 for propene fragmentation at 70 eV electron energy [29] ), while for ketene is about 2 (to be contrasted with the ratio of about 3.7 for ketene fragmentation at 70 eV electron energy). The ⟨f T ⟩ value of 0.27 is in line with the value of 0.20 found for the corresponding channel leading to CO+C 2 H 4 in the related reaction O( 3 P)+allene [17] . Interestingly, the P (E ′ T ) of the CH 2 CO+CH 3 CH products peaks at about 10 kcal/mol and is confined within the limit of energy conservation for formation of 3 CH 3 CH+ketene on the triplet PES. The ⟨f T ⟩ value of 0.36 is comparable to the 0.30 value determined for the 3 CH 2 +ketene channel in the related O( 3 P)+allene reaction [17] . As in the latter case, this indicates the presence of an exit potential barrier on the triplet PES, as confirmed by the electronic structure calculations of the triplet PES (see Discusssion section).
The best-fit of the m/z=42 and 41 data required also best-fit functions for the other product channels contributing to the reactive signal at these masses. As mentioned above, these additional minor channels are those leading to C 4 H 5 O+H, C 4 H 4 O+H 2 , CH 2 CHO+C 2 H 3 , and C 3 H 5 +HCO (channels 1, 2, 10, and 8, respectively). All these channels have been fitted with symmetric CM angular distributions, reflecting a long-lived complex reaction mechanism, and with P (E ′ T ) functions reflecting the following average fractions of energy in translation: 0.32, 0.38, 0.41, and 0.09, respectively. While the first and the third of the above channels occur on the triplet PES, the second and the fourth on the singlet PES via ISC. The details of these channels will be reported in a future, more extended publication.
D. Branching ratios
The product branching ratios have been estimated as in previous work on related systems [7−18] . BRs uncertainties range from ±20% to ±50% (depending on the channel).
It is found that the O( 3 P)+1,2-butadiene reaction mainly leads to the CO+C 3 H 6 channel (3) (BR=0.49) on the singlet PES and to CH 2 CO+ 3 CHCH 3 (BR=0.13) on the triplet PES. The corresponding channels in the related O( 3 P)+allene reaction [17] are CO+C 2 H 4 (BR=0.815) and CH 2 CO+ 3 CH 2 (BR=0.003). Other important primary products in the O+1,2-butadiene reaction are:
(propyne) (BR=0.085), whose relative yield is very similar to that of formaldehyde+C 2 H 2 (acetylene) in the O+allene reaction (BR=0.09); (ii) CH 3 +C 3 H 3 O (BR=0.14), which is not present in the O reaction with allene; (iii) CH 2 CHO+C 2 H 3 (0.08), which is also not present in
FIG. 6 Potential energy surface of O(
3 P)+1,2-butadiene reaction determined at the CCSD(T)/CBS//wB97XD/augcc-pVTZ level of theory, by considering the electrophilic attack by O on the terminal carbon (C1). The H channel is formed on the triplet PES, while vinoxy, formyl radical, and formaldehyde (the latter not shown) are generated via intersystem crossing (ISC). The energy barrier for isomerization from W7 to W8 is here assumed to be the same as that calculated for propylene oxide isomerization to propenal [7] .
the reaction with allene; (iv) HCO+C 3 H 5 (BR=0.01) (Channels (iii) and (iv) must be compared with the HCO+C 2 H 3 channel from O+allene (BR=0.07)); (v) C 4 H 5 O+H (BR=0.01) (in O+allene BR=0.016); (vi) C 4 H 4 O+H 2 (BR≈0.04), not seen in O+allene. Therefore, the H displacement and H 2 elimination channels, as well as the HCO forming channel are all minor in the O( 3 P)+1,2-butadiene reaction. However, while in O+allene the H product was also minor and the H 2 product was not present, the equivalent of the HCO+vinyl channel of O+allene is in O+1,2 butadiene CH 2 CHO (vinoxy)+vinyl, with HCO+vinyl being minor. Again, the details of these channels will be reported in a future, more extended publication.
The fact that the BR of the CO+propene channel here is lower than the BR of the CO+ethylene channel in O+allene is due to the fact that there are other additional, energetically allowed exit pathways in the more complex O+1,2-butadiene reaction that are not present in O+allene, such as CH 3 +C 3 H 3 O(0.14), or channels like CH 2 CO+CH 3 CH(0.13) (formation of ketene is minor in O+allene (0.003)).
V. DISCUSSION
In discussing the dynamics of the title reaction it is useful to refer to the dynamics of the related reaction with allene and to the preliminary theoretical results obtained on the triplet and singlet C 4 H 6 O PESs (see 27], where there are two possible attack sites for the O atom due to the equivalence of the two terminal C atoms of the two double bonds, in the reaction with 1,2-butadiene (CH 2 =C=CH-CH 3 ) there are three possible attack sites for the O atom. Specifically, the latter can add to the terminal C of the unsaturated bond (named C1) ( see FIG. 6 ), or to the C atom between the two double bonds (named C2) ( see FIG. 7 ), or to the C linked to the methyl group (named C3) ( see FIG. 8 ). Channel specific rate constants for the addition of O( 3 P) to 1,2-butadiene were computed as described in the method section in their high pressure limit at 300 K, as the 1,2-butadiene reactant is expected to retain most of its internal rovibrational energy in the CMB experimental conditions. The probability of attack to the C1 and C3 atoms is calculated to be 14.7% and 36.3%, respectively, leading to a diradical triplet intermediate with a stability of about 24−25 kcal/mol with respect to reactants, a value which is similar to that of the diradical intermediates formed following the O( 3 P) attack to terminal alkenes, such as ethene [13−15] , propene [7] , and 1-butene [18] . In contrast, the attack to the central C atom of the two adjacent double bonds leads to a much more stable diradical intermediate, by about 70 kcal/mol with respect to reactants ( see FIG. 7 ), similarly to what observed in the case of O attack to the central C atom of allene. The methyl-oxyallyl intermediate is in fact, similarly to the oxyallyl intermediate in the O+allene reaction, stabilized by resonance. The probability of attack to C2 is calculated to be 49.0%, significantly higher than to the C1 and C3 positions. The entrance barrier is submerged by about −0.35 kcal/mol, which is significantly lower than that calculated for attack to C1 (0.52 kcal/mol) and comparable to that
FIG. 8 Potential energy surface of O(
3 P)+1,2-butadiene reaction determined at the CCSD(T)/CBS//wb97xd/aug-ccpVTZ level of theory, by considering the electrophilic attack by O on the C3. The methyl formation lies on the triplet PES, while acetyl radical is produced via intersystem crossing (ISC). The energy barrier for isomerization from W5 to W6 is here assumed to be the same as that calculated for propylene oxide isomerization to propenal [7] .
for attack to C3 (−0.24 kcal/mol [28] .
Following O attack on the C1 carbon ( see FIG. 6 ), the triplet diradical intermediate W4 can undergo, under single-collision conditions, (i) C−H bond cleavage leading to CH 3 CHCCHO+H (channel 1) through a sizeable exit potential barrier; (ii) ISC to the corresponding singlet diradical, which can quickly isomerize to various singlet intermediate species that can undergo C−C bond cleavage with dissociation to three different product channels, namely vinoxy+vinyl (channel 10), HCO+C 3 H 5 (channel 8), and H 2 CO+C 3 H 4 (channel 6) (the latter not shown). On the other hand, following attack on the C3 carbon ( see FIG. 8 ), the initial triplet diradical intermediate W3 can undergo (i) C−C bond cleavage on the triplet PES through an exit barrier with formation of CH 3 +CH 2 CCHO (channel 5) and, competitively, (ii) ISC to the corresponding singlet diradical that can isomerize to a cyclic structure intermediate W5 that via W6 can dissociate to acetyl+vinyl (channel 9). In contrast, following attack on C2 ( see FIG. 7) , the initial triplet diradical W1 can undergo (i) C−C bond rupture to ketene+ethylidene (channel 11), and competitively (ii) ISC to the corresponding singlet intermediate that can readily isomerize to methyl cyclopropene (W2) which, through a high potential barrier, can dissociate to the very exothermic molecular channel CO+propene (channel 3).
In our experiment we have obtained information on all the above possible reaction channels, as well as on the H 2 elimination channel which takes place from a singlet intermediate that can only be reached via ISC from the entrance triplet PES. While the BR of the CO forming channel is 0.49±0.15 and that of ketene 0.13±0.05, the overall yield of the above other channels is about 0.38. It is interesting and remarkable that the BRs estimated from experiment are nicely in line with the probability of attack on the three possible unsaturated carbon atoms of the 1,2-butadiene molecule. In fact, our experimental and theoretical results suggest that the O attack on C2 is the favorite one for the title reaction leading to CO+C 3 H 6 and CH 2 CO+CHCH 3 . From an experimental point of view, the relative yields determined for these reactive channels are very significant (0.49±0.15 and 0.13±0.05, respectively) and, notably, their sum (0.62±0.15) is close to the calculated probability of attack to C2 of 0.49.
The preferential attack on the central carbon is somewhat in contrast with the Cvetanović rule that predicts a preferential O atom attack to the less substituted C atom [38, 39] . Similar observation was made on the O( 3 P)+allene reaction, where again the preferential attack was by far to the central carbon.
Similarly to what already observed in the case of O+allene, the main reaction pathway is that leading to the molecular products CO+alkene following ISC from the triplet to the singlet PES. Notably, in both reactions the main channel originates via a non-adiabatic transition (ISC) from triplet to singlet PES. In addition, the energy of the methyl oxyallyl intermediate (≈−70 kcal/mol with respect to the energy of the reactants) and the exit barrier (≈60 kcal/mol with respect to the product asymptote) which lead to CO formation are comparable in the two reactions. The large stability of the methyl-oxyallyl radical comes from resonance effects, as in the oxyallyl intermediate of the O( 3 P)+allene reaction [17, 27] . The extent of ISC estimated experimentally is found to be about 70%, which is similar, although somewhat lower, than in the case of O+allene, where it was estimated to be about 90% [17] . This is presumably due to the fact that there are more triplet exit channels possible in O+1,2-butadiene, such as the CH 3 forming channel (BR≈0.14) ( see FIG. 8 ).
It is also interesting to note that the extent of ISC (≈70%) in O+1,2-butadiene is larger than in the corresponding reaction with the four carbon alkene 1-butene (≈50%) [18] , analogously to what observed in O+allene (90%) [17] compared to O+propene (22%) [7] .
VI. CONCLUSION
The dynamics of the O( 3 P)+1,2-butadiene reaction was investigated for the first time from both theoretical and experimental points of view. In our CMB experiments we observed nine different reactive channels, with CO+C 3 H 6 found to be dominant (BR=0.49) and occurring via the oxygen attack on the central carbon C2 followed by ISC. This particular behavior is in contrast to what predicted by the so-called Cvetanović "rule" which states that the O atom favorite site of attack is on the less substituted (terminal) carbon involved in the unsaturated bonds [9, 38, 39] . On the other hand, a similar dynamics was observed in O+allene, the prototype oxidation reaction of cumulenes. In both reactions the carbon monoxide pathway is characterized by a high exit barrier (about 60 kcal/mol with respect to products) and a similar exothermicity (about 120 kcal/mol). Notably, the occurrence of CO formation is due to a non-adiabatic transition (ISC) to the singlet PES. The comparison of our experimental BRs with the preliminary theoretical calculations of site attack probabilities indicates that there is good agreement between experiment and theory. In particular, the comparison of the best-fit CM functions with the evaluation of energetics and barriers predicted by theory, shows that several primary products for this reaction derive from the occurrence of ISC, such as in the case of HCO, C 3 H 6 , CH 3 CO and CH 2 CHO formation. In addition, CH 3 formation was assessed by both theory and experiment as a relevant primary product for the title reaction, as well as ketene and propene. However, the extent of ISC seems to be higher compared to the corresponding alkene species 1-butene, validating the trend observed for the oxidation of unsaturated hydrocarbons featuring three carbon atoms in the backbone and detailed in Ref. [11] .
As outlook, it could be very interesting to investigate the O( 3 P)+1-butyne reaction, in order to understand if the extent of ISC for this reaction is between those values estimated for the oxidation of the corresponding alkene (1-butene) and cumulene (1,2-butadiene), similarly to what observed with the three-carbon-atom UHs [11] .
When RRKM/ME calculations will be completed on the calculated triplet/singlet PESs, the comparison of the experimental BRs and those predicted by theory will be very important, because if theory will be corroborated by experiment, theory can be used reliably for the prediction of the branching ratios as a function of temperature and pressure for their inclusion in combustion models. This will ultimately lead to a deeper understanding of the mechanism of the O( 3 P)+1,2-butadiene reaction and, in general, of O( 3 P)+diene reactions. 
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